In the present study, the relationships among electroencephalo graphic (EEG) amplitude shifts, cerebral blood flow (CBF), and cerebral oxy gen uptake (CMROz) have been characterized in halothane-anesthetized rab bits. CBF was measured by timed collection of venous effluent from the supe rior sagittal sinus. CMR02 was calculated as the product of CBF and the arteriovenous difference in oxygen content. The depth of anesthesia in the first series of experiments was maintained at a constant level that was characterized by spontaneous EEG shifts from high-to low-voltage states (HV -L V shifts).
time course of the CBF change was too rapid to be adequately explained by metabolic mechanisms (lngvar and Soderberg, 1956, 1955; Meyer et aI., 1969 Meyer et aI., , 1971 . In other experiments, the CBF increase has been blocked by topical application of atropine (Scremin et aI., 1973) . In addition, cortical acetyl choline release has been shown to increase during HV-LV shifts (Celesia and Jasper, 1966; Szerb, 1967) . Together with the well-documented evidence of a cholinergic cerebral vasodilator innervation (Lavrentieva et aI., 1965; Nielsen et aI., 1971; Ed vinsson et aI., 1972; Florence and Bevan, 1979) , these observations suggest the involvement of cholinergic neurogenic mechanisms in the cerebral vasodilatation associated with HV -LV shifts. The present study was conducted to examine this possi bility.
METHODS

Rabbit Preparation
Male New Zealand rabbits between 2.5 and 3.0 kg were anesthetized with 2% halothane in 70% N2, 30% O2, After tracheostomy was performed, each animal was paralyzed with 1.0 mg pancuronium bromide, i. v., and mechanically ventilated at ap proximately 20 breaths/min. Small adjustments in frequency and pressure of inflation were made to achieve and maintain a continuously recorded end-tidal carbon dioxide (ETC02) concentration of 4% (Beckman LB-2). The ETC02 calibration was checked immediately before and several times dur ing the course of each experiment. The presence of 0.5% halothane in the calibration mixture had no effect on the calibration. Because the relationship between ETC02 and arterial Pco2 remained con stant in similar previous experiments, only ETC02 was measured in the present study.
The right femoral artery was cannulated for con tinuous measurement of arterial pressure, and the right femoral vein was cannulated for continuous infusion (4.4 mllhr) of an isotonic saline solution containing glucose (1.0 mg/ml), sodium bicarbonate (3.36 mg/ml), and pancuronium bromide (0.23 mg/mI). An esophageal probe was advanced to the level of the heart for measurement of core temper ature. The output from an infrared lamp was ad justed to maintain core temperature between 3S.5 and 39.0°C.
Following the above procedures, each animal's head was positioned in a stereotaxic holder and the J Cereb Blood Flow Me/abol, Vol. I, No. 4, 1981 dorsal aspect of the cranium was exposed. The bone covering the superior sagittal sinus between the tor cula and the coronal suture was removed with a dental burr. When all bleeding had been minimized, the inspired concentration of halothane was re duced to 0.5%. the animal was heparinized (750 units/kg), and heparin was added to the venous in fusate (230 units/mI).
Measurement of CBF
For measurement of CBF, an IS-gauge needle was used to make a small hole in the superior sagit tal sinus just anterior to the torcula. Through this opening, 5 mm of a 5-cm length of polyethylene tubing (Intramedic, PE-90) was inserted so that the sinus formed a leakproof seal around the cannula and the cannula tip rested 12 mm posterior to the coronal suture. The venous outflow cannula was secured to a small screw anchored in the cranium and was covered with prosthetic foam (Dow Cor ning A7-4290). For each determination of CBF, the collected weight of venous effluent was divided by the density of blood (1.060 mg/ml) and the duration of collection (30 sec) to give values of CBF in mIl min. Between determinations, the venous effluent dripped into a small reservoir that drained into the left femoral vein.
To obtain values of CBF in mllminilOO g, the hy drogen clearance method (Aukland et aI., 1964; Auk land, 1965) was used for a single determination at the end of each experiment. For this measurement, a silver-silver chloride reference electrode was sutured to the neck muscles exposed during tracheostomy and an insulated platinum electrode (175 /Lm in diameter, 5 mm bare tip) was advanced 4 cm into the venous outflow cannula. This electrode was connected in series through a 100,000-ohm re sistor to the reference electrode. The continuously recorded voltage drop across this resistor was as sumed proportional to the venous concentration of hydrogen (Aukland, 1965; Young, 19S0) . The arte rial concentration of hydrogen was similarly moni tored with a second platinum electrode threaded into the thoracic aorta via the left femoral artery. Transit time between the arterial and venous elec trodes was determined by measuring the time delay between the peak voltages produced by these elec trodes in response to a single breath containing 30% hydrogen.
For each clearance measurement of CBF, 5% hy drogen was added to the inspired mixture until both electrode voltages reached steady state. Then hy drogen was removed from the inspired mixture and the desaturation curves were recorded. During de saturation, CBP was simultaneously measured with the venous outflow method described above.
The Pick principle was used to calculate CBP from the de saturation curves (Kety and Schmidt, 1945) . Por all washouts, base line was assumed when the voltage change per minute was less than 1.5% of the original voltage. The venous desatura tion curves were corrected for transit time, and all hydrogen concentrations were normalized relative to initial concentration. The area beneath each desaturation curve was then calculated using Simpson's approximation (Weast, 1969) . Flow was calculated as the reciprocal of the difference in areas beneath the arterial and venous de saturation curves.
After a value of CBP had been determined from the hydrogen de saturation data, this value (in mV min/l00 g) was divided into the corresponding value of venous outflow (in mVmin) obtained during de saturation. The resulting quotients were thus esti mates of the weight of brain drained by the outflow cannula and were used to express the venous out flow and CMR02 data in units of mVmin/l00 g.
Measurement of CMR02
The CMR02 was calculated as the product of CBP and the arteriovenous difference in oxygen content. The cerebral venous samples were ob tained immediately after each measurement of ve nous outflow by advancing a small cannula (In tramedic, PE-50) 2 cm into the larger outflow can nula. The sample cannula was connected to a I-ml glass syringe controlled by a syringe pump (Harvard model 600-000) whose withdrawal rate was set at approximately 70% of the venous outflow rate. Dead space in the sample syringe assembly was 0.02 1 ml and was flushed with fresh cerebral venous effluent immediately before each 0.40-ml sample was taken. During the collection of each venous sample, the arterial pressure catheter was thorough ly flushed and a 0.40-ml arterial sample was taken. After collection, the anaerobically obtained blood samples were tightly capped and stored on ice until the end of the experiment. The oxygen content of each sample was then determined in triplicate with a Lex-02-Con (Lexington Instruments).
Measurement of EEG
Homolateral EEG was continuously recorded from two screw electrodes placed 5 mm from the midline, one 5 mm anterior and one 5 mm poste rior to the coronal suture. The EEG signal was am plified by a Grass (model 7Pt) preamplifier with an input time constant of 0.8 s and a half-amplitude, high-frequency cutoff at 35 Hz. Two EEG states were defined on the basis of amplitude: high voltage (HV), greater than 300 JL V; and low voltage (LV), less than 150 JL V. In preliminary studies with fast Pourier analysis, HV states were associated with frequencies of 0.5 -28 Hz with some predominance near 16 Hz; LV states had a similar frequency range and a predominance at 4 Hz. The LV-EEG pattern is similar to that observed in unanesthetized rabbits during cortical arousal (Monnier and Ganglof, 1961) .
Protocols
Three series of experiments were conducted. Unless otherwise indicated, ETC02 was maintained at 4% and the inspired concentration of halothane was 0.5%.
Response to Carbon Dioxide (Group 1)
In Group 1 experiments, CBP was measured be fore and 10 min after an increase in ETC02 from 4.0 to approximately 10.0%. An ETC02 of 10% was obtained by adding CO2 to the inspired mixture.
Response Characterization: Groups 2 -4 ( Fig. 1) In Group 2, the time course of changes in CBP and arterial pressure during spontaneous decreases in EEG amplitude was examined. In these experi ments, small adjustments (±0.05%) were made in the inspired concentration of halothane (initially at 0.5%) as necessary to attain a state in which the EEG alternated spontaneously between HV and LV states. After this final adjustment in halothane con centration, which was thereafter held constant, 40 min was allowed before commencement of experi mental protocols.
CBP was measured every 30 s before, during, and for up to 3 min after a shift from an HV to an LV state (HV-LV shift). In Group 3 experiments, CBP and CMR02 were measured approximately 60 s be fore and 90 s after the spontaneous onset of HV -L V shifts. In Group 4, CBP and CMR02 were measured 
Group 5
Group 6
Schedules of measurement of CBF and CMR02 for Groups 2-6. Also shown are the periods during which stimulation was applied. HV and LV refer to high-and low-voltage EEG states, respectively (examples shown in Fig. 2 ). Note that in Groups 5 and 6, 20 min elapsed between treatment ($ or $) and the subsequent CBF and CMR02 measurements.
immediately before and 90 s after the onset of HV -L V shifts induced by a brief application of a mild nociceptive stimulus. The stimulus, whose strength was similar to that encountered in a rab bit's normal environment, was a light pinch applied with a hemostat to the rabbit's tail at 0. 5-2. 0 Hz for 90 s. The jaws of this hemostat were lined with fluid-filled tubing connected to a Statham pressure transducer (model 23PB) whose output was con tinuously recorded. The frequency and amplitude of the hemostat pressure oscillations were stan dardized.
Effects of Scopolamine on the Cerebral
Vasodilatation Associated with Stimulation-Induced HV-L V Shifts:
Groups 5 and 6 ( Fig. J) In Group 5, CBF and CMR02 were measured immediately before and 90 s after the onset of HV-LV shifts induced by application of the stan dardized nociceptive stimulus (see above). When the poststimulation measurements had been com pleted, 0. 35 mg/kg scopolamine hydrobromide (Sigma) was administered, 1 mg/ml i. v., in 0. 9% NaCl. After 20 min had been allowed for the drug to take effect, CBF and CMR02 were again measured immediately before and 90 and 300 s after the begin ning of continuous application of the stimulus. The experiments of Group 6 (control group) were identi cal to Group 5 with the exception that 0.35 mIl kg of 0.9% NaCI (instead of scopolamine) was injected.
Numerical Methods
To compare means between independent popula tions, a two-sample Student's t-test was used (Dixon and Massey, 1969) . Repeated measures of a single variable were analyzed with a Dunnet's t-test (Winer, 1971) . For all other situations (except as indicated in the text), a paired t-test was employed (Dixon and Massey, 1969) . Unless otherwise noted, significance implies p < 0. 05. All values are expressed in t�e text as the mean plus or minus its standard error X ± SEM, where n equals the number of observations.
RESULTS
Preparation Evaluation
In the 38 experiments conducted, mean arterial pressure (MAP) averaged 76 ± 1 mm Hg, esoph ageal temperature averaged 38. 8 ± 0.2°C, CBF averaged 48 ± 3 mllmin/IOO g, and CMR02 averaged 4. 6 ± 0. 4 mllminilOO g during resting (HV state) conditions. In 14 animals, the weight of brain rostral to the medulla oblongata averaged 9. 7 ± 0.2 g, which corresponded to 0. 34 ± 0.01% of body weight. The weight of brain drained by the superior sagittal sinus, as estimated by simultaneous mea surement of CBF by the hydrogen clearance and venous outflow methods, averaged 0.97 ± 0.03 g (n = 14), corresponding to 10. 1 ± 0. 3% of brain weight and 0. 034 ± 0. 002% of body weight. During hydro gen washout, the time required for the arterial hy-drogen concentration to reach base line ranged from 17 to 72 s (mean, 46 ± 6, n = 12).
When ETCOz was raised from 4.0 to 10.0% (Group 1, n = 5), CBF increased significantly (p < 0.02) from 42 ± 4 to 135 ± 7 mUminll00 g. Average cerebrovascular carbon dioxide reactivity was a 37 ± 10% increase in CBF/percentage point increase in ETC02•
Response Characterization
In Group 2 experiments, spontaneous shifts in EEG from HV to LV states were associated with significant changes in both MAP and CBF. Follow ing HV -L V shifts, MAP decreased transiently by an average of 23 ± 2 mm Hg (range, 10-36 mm Hg, n = 17). These decreases were significant (p < 0.001). The time elapsed from the onset of the HV -L V shift to the minimum value of MAP ranged from 10 to 22 s and averaged 14 ± 1 s (n = 17). The time required for MAP to return to within 5 mm Hg of its preshift value ranged from 30 to 89 s (mean, 46 ± 4, n = 17) after the onset of the HV -L V shift.
The first, second, and third consecutive 30-s measurements of CBF following the onset of HV-LV shifts (Group 2, see Fig. 2 ) were progres sively greater than the corresponding preshift value. As determined by paired t-test analysis of the con secutive 30-s venous outflow averages, CBF did not change significantly (p > 0.1) between 60 and 120 s after the HV -L V shifts. Regression analysis of the 0-30, 30-60, and 60-90 s measurements of CBF as a function of time after the HV -LV shifts yielded a population of slopes whose mean (8 x 10-4 mll minis) was significantly greater than zero (Student's t, n = 6, p < 0.001). The r values associated with these slopes ranged from 0.80 to 0.99 (mean, 0.91).
In Group 3, the values of CBF and CMR02 ob tained 90-120 s after the spontaneous onset of HV-LV shifts were 26 ± 7% (n = 8) and 22 ± 4% (n = 7) greater, respectively, than the corresponding values obtained prior to the shift. Both increases were significant at the p < 0.01 level.
In Group 4, stimulation-induced HV -L V shifts were associated with increases of 28 ± 5% (n = 13) and 29 ± 4% (n = 13) in CBF and CMROz, respec tively. These increases were significant at the p < 0.01 level.
To determine if the CBF responses to spontane ous and stimulation-induced HV -L V shifts were significantly different, the populations of the paired Cerebral blood flow (CBF), mean arterial pressure (MAP), and electroencephalograph (EEG) data shown here were collected simultaneously from a single animal before and after a spontaneous decrease in EEG amplitude (at 0 min). Because all cerebral venous effluent collected follow ing the initial HV-LV shift was used to determine the time course of CBF, the cerebral oxygen uptake (CMR02) data shown above were collected from the same animal during a subsequent, equivalent increase in EEG frequency. Note that CBF increased in the first 30 s following the onset of the low-amplitude state in spite of a large, rapid fall in MAP.
differences in absolute CBF associated with the two types of EEG amplitude shifts were compared. As determined by a two-sample Student's t-analysis, the two populations were not significantly different (p > 0.2). Through a similar analysis, the two popu lations of CMROz responses to spontaneous and stimulation-induced HV -LV shifts were not signifi cantly different (p > 0.2). Thus, the cerebrovascular effects of HV -LV shifts were consistent, regardless of whether the shifts were spontaneous or stim ulation-induced.
Effects of Scopolamine on the Cerebral
Vasodilatation Associated with
Stimulation-Induced HV -LV Shifts
In Group 5 (n = 8), the 90 s of continuous stimula tion administered prior to scopolamine produced HV-LV shifts and increased CBF and CMR02 by 20 ± 4 and 22 ± 2%, respectively. These increases were significant at the p < 0.02 level. Twenty min utes after administration of scopolamine, CBF and CMR02 were 98 ± 1 and 99 ± 1% of their initial values, respectively; scopolamine had no significant effect (Dunnet's t, p > 0.1) on the resting values of CBF and CMR02• After administration of sco polamine, 90 s of stimulation produced an HV LV shift but had no significant effect on CBF (Dunnet's t, p > 0.1). When analyzed with a Stu dent's t, the average CBF increase after 90 s of stimulation was significantly greater before than after scopolamine. Although scopolamine blocked the stimulation induced increase in CBF, it did not affect the rise in CMR02 following stimulation. The magnitude of this stimulation-induced increase, however, was somewhat greater before (22 ± 2%) than after (14 ± 3%) scopolamine; this difference was not significant (Student's t, p > 0.1). After 300 s of post scopolamine stimulation, CBF and CMR02 were 12 ± 3 and 15 ± 3% greater, respectively, than their corresponding pretreatment, unstimulated values; both increases were significant (Dunnet's t).
To evaluate the effect of scopolamine on the "coupling" between CBF and CMR02, the CBF/ CMR02 ratios were calculated for each experiment in Group 5 after 90 s of stimulation prior to scopolamine (pre-90) and after 90 (post-90) and 300 (post-300) s of stimulation following treatment. The average CBF/CMR02 ratios for the pre-90, post-90, and post-300 conditions were 11.5 ± 1.0, 10.3 ± 1.1, and 11.3 ± 1.0 ml blood/ml O2, respectively. As de termined by paired-t analyses, the mean CBF/ CMR02 ratio was significantly less (p < 0.01) during the post-90 condition than during either the pre-90 or post-300 conditions. The CBF/CMR02 ratios during the pre-90 and post-300 conditions did not differ significantly from each other (p > 0.2).
In Group 6 (control group, n = 5), 90 s of stimula tion produced HV -L V shifts accompanied by sig nificant increases (Dunnet's t) in CBF and CMR02 both before and after administration of saline (0.9% NaCl). As determined with a Student's t analysis, the magnitudes of the CBF and CMR02 responses before saline did not differ significantly from the corresponding responses after saline; saline had no significant effect on any measured parameter. CBF and CMR02 were both still significantly elevated relative to pretreatment control after 300 s of post saline stimulation (Dunnet's t, see Fig. 3 ). The av- erage CBF/CMR02 ratios in Group 6 were 10.6 ± 0.8, 10.8 ± 0.7, and 10.6 ± 0.7 ml blood/ml O2 for the pre-90, post-90, and post-300 conditions, respec tively; there were no significant differences be tween any of these values (paired t).
To compare the effects of saline and scopol amine, the paired differences between pre-stimu lation and 90-s stimulation conditions were cal culated from the absolute values of CBF and CMR02 both before and after treatment with either saline or scopolamine. Al l hough the stimulation induced CBF and CMR02 responses of the saline group were both somewhat greater than those of the scopolamine group prior to treatment, these differ ences were not significant (Student's t, P > 0.1).
Following treatment, there was no significant dif ference (p > 0,1) between groups for the CMR02 responses, For CBF however, the posttreatment re sponses were significantly greater (p < 0,03) in the saline than in the scopolamine group.
To compare the effects of saline and scopolamine on the "coupling" between CBF and CMR02, the means of the paired differences in CBFICMR02 ratios between pre-90 and post-90 and between pre-90 and post-300 conditions were calculated for both groups. In the scopolamine group, the mean decrease in the CBFICMR02 ratio between pre-90 and post-90 conditions was significantly greater than the corresponding decrease in the saline group (p < 0.02). Between pre-90 and post-300 conditions, however, the mean differences were not statistically distinguishable between groups (p > 0.3).
DISCUSSION
Methodological Considerations
Measurement of CBF by the hydrogen clearance method often entails a variety of assumptions (Auk land, 1965; Shinohara, et aI., 1969; Young, 1980) , which we have minimized by modifying the tech nique. Measurements of cerebral venous instead of tissue hydrogen concentration obviated assump tions concerning local edema or changes in tissue impedance. Since the platinum electrodes were in contact with blood for less than 30 min, any poisoning of the electrodes by blood proteins was negligible. Arterial hydrogen concentration was routinely measured during desaturation, a practice warranted by the finding that the time required for the arterial concentration to reach base line varied from 17 to 72 s. Because CBF was calculated by the Fick principle, the measured flow represented the average flow through all brain compartments; no compartmental assumptions were necessary. A silver-silver chloride reference electrode was used, which polarized the platinum electrodes to ap proximately + 200 m V. At this voltage the oxidation of hydrogen at the electrode surfaces was diffusion limited and electrodes were maximally selective for hydrogen (Young, 1980) . Simultaneous measurement of CBF by the hy drogen clearance and venous outflow techniques allowed estimation of the tissue weight drained by the superior sagittal sinus (SSS) cannula. These tis sue weight values, which averaged approximately 10% of brain weight, were used to weight-normalize the venous outflow values. The source of the mea-sured outflow, as suggested by vascular cast and tracer studies (Scremin et aI., 1977 (Scremin et aI., , 1981 was pre dominantly cerebral cortical tissue. Extracerebral drainage into the SSS via diploic veins was mini mized by removal of the bone covering the SSS.
The average value of weight-normalized CBF obtained in the present experiments (47.7 mUmini 100 g) agreed well with published values for halothane-anesthetized (32.4-43.0 mllmin/l00 g: Scremin et aI., 1977; Scremin et aI., 1978) and con scious (28.3-48.9 mllmin/l00 g: Rosendorf & Cranston, 1971; Rosendorf et aI., 1976) rabbits. Al though direct measurements of absolute CMR02 have not been reported for the rabbit, our average CMR02 (4.59 mUminl100 g) agreed well with values obtained with a SSS outflow method in the halothane-anesthesized dog (4.26-6.42 mllminl100 g: Theye and Michenfelder, 1968) .
Published values of CO2 reactivity (percent in crease in CBF/percent increase in ETC02) have varied from a maxiIT" of approximately 60% in nitrous oxide-anesth rats (Eklof et aI., 1973 ) and a-chloralose ane� .1zed dogs (D' Alecy et aI., 1979) to a minimum of less than 10% in nembutal anesthetized monkeys (Reivich, 1964) . In the pres ent experiments, CO2 reactivity averaged approxi mately 37%.
In summary, the methods employed in the pres ent experiments required a minimum number of as sumptions and produced resting values of weight normalized CBF and CMR02 that agree well with the literature. The cerebrovascular responses of our preparation to carbon dioxide also fell within the range of previous studies. In light of these observa tions, we conclude that the preparation employed in the present experiments is acceptable for estimation of CBF and CMR02• The Cerebral Vasodilatation Accompanying
HV-LV Shifts
In previous studies (lngvar and Soderberg, 1956, 1958; Meyer et aI., 1969 Meyer et aI., , 1971 Scremin et aI., 1973) , sustained decreases in EEG amplitude (RV -LV shifts) have been followed by CBF increases from approximately 10% (Meyer et aI., 1969) to 47% (Scremin et aI., 1973) , a range which encompasses the present results (CBF increased 26%). In gen eral, the latencies of the CBF responses have been less than 10 s (Ingvar and Soderberg, 1956; Meyer et aI., 1971) and as demonstrated in the present ex periments, CBF can attain its maximum response within 60 s after the onset of RV-LV shifts (Fig. 2) .
The magnitude and time course of changes in CBF observed after HV -L V shifts depend on sev eral factors, including the species studied, the method of CBF measurement, and the type and depth of anesthesia. In addition, the definition of HV-LV shifts Cdesynchronization" or "cortical arousal" ) varies among authors, perhaps because the magnitude of these shifts is influenced by the species, the depth of anesthesia, the position of the EEG electrodes, and the physiological state of the animal. The responses following cortical arousal also appear to differ according to whether the EEG shifts were spontaneous (Ingvar and Soderberg, 1956; Scremin et aI., 1973) or were induced by elec trical brainstem stimulation (Ingvar and Soderberg, 1958; Meyer et aI., 1969 Meyer et aI., , 1971 ). In the present study, the cerebrovascular responses following spontaneous and physiologically induced HV -L V shifts were equivalent.
In studies of cerebral metabolism, the onset of LV -EEG states has been followed by increases in cerebral oxygen uptake (CMR02) from 8 to 36% (Gleichman et aI., 1962; Meyer et aI., 1969 Meyer et aI., , 1971 . The magnitude of this CMR02 response also de pends on the factors described above, the most im portant of which is the method by which the HV -L V shifts were induced. In the present study, CMR02 increased approximately 22% after the onset of spontaneous HV-LV shifts and approximately 28% after these shifts were physiologically induced by nociceptive stimulation.
Because of the previously observed increases in CMR02 associated with cortical arousal, the si multaneous increases in CBF associated with HV -L V shifts have often been attributed to meta bolic vasodilation Soderberg, 1956, 1958; Meyer et aI., 1969 Meyer et aI., , 1971 Edvinsson and Mac kenzie, 1976 ). This idea is further supported by the apparent proportionality between the CMR02 and CBF responses that follow HV -LV shifts (Meyer et aI., 1969 (Meyer et aI., , 1971 . Thus it has been suggested that cortical arousal, induced by ascending fibers of the reticular activating system, leads to an increase in cerebral metabolic rate, which in turn is responsible for the accompanying cerebral vasodilatation (Ed vinsson and Mackenzie, 1976) .
Metabolic vasodilatation, however, cannot ade quately explain the rapid time course of the cerebral vasodilatation observed after the onset of HV/LV shifts (Ingvar and SOderberg, 1956; Meyer et aI., 1969 Meyer et aI., , 1971 , particularly since large and rapid, but J Cereb Blood Flow Melabol, Vol. 1. No. 4, 1981 transient, decreases in arterial pressure often occur simultaneously (see Fig. 1 ). In light of findings that cortical acetylcholine release increases following cortical arousal (Celesia and Jasper, 1966; Szerb, 1967) and that topically applied atropine can at tenuate the cerebral vasodilatation associated with HV -L V shifts (Scremin et aI., 1973) , it is possible that a cholinergic, presumably neurogenic, cerebral vasodilatation occurs concomitantly with cortical arousal. This possibility is strengthened by the well-documented existence of a cerebrovascular dilator innervation whose principal transmitter is presumed to be acetylcholine (Lavrentieva et aI., 1968; Iwayama et aI., 1970; Nielsen et aI., 1971; Nielsen and Owman, 1971; Edvinsson et aI., 1972 Edvinsson et aI., , 1976 Edvinsson et aI., , 1977 Kuschinsky et aI., 1974; Toda, 1974; Matsuda et aI., 1976; Hardebo et aI., 1977; D'Alecy and Rose, 1977; Florence and Bevan, 1979; Burnstock, 1980 ). Attempts to demonstrate the possible involve ment of cholinergic mechanisms in the cerebral vasodilatation associated with HV-LV shifts have been complicated by the fact that cholinergic antagonists often inhibit the appearance of LV -EEG states (Longo, 1966; Scremin et aI., 1977) . In the present study, we adjusted the amount of antagonist administered to find a dosage that would preserve the capacity for HV -LV shifts but would also block cholinergic vasodilatation. Although the desired selectivity could not be demonstrated with atropine, a dosage of 0.35 mg/kg of scopolamine was effec tive. After administration of this dosage of scopolamine, however, it was necessary to apply the nociceptive stimulus continuously to maintain an LV-EEG pattern.
As shown in Fig. 3 , continuous nociceptive stimulation produced a CBF increase in the saline treated (control) animals that reached a steady-state value within 90 s and remained relatively constant during 300 s of continuous stimulation. In the scopolamine-treated group, however, the time re quired for CBF to reach steady state increased fol lowing HV -L V shifts. In contrast, scopolamine did not affect the time course of the CMR02 response to stimulation; in both groups, 90 s of stimulation in creased CMR02 to a steady-state value that per sisted for at least 300 s.
Although scopolamine did not affect the time course of the CMR02 responses to stimulation, the magnitude of the CMR02 increase was somewhat less in the scopolamine group than in the saline group. Given the proposed relationship between cortical arousal and CMR02 (Gleichman et al., 1962) , the difference in magnitude between the two CMR02 responses may be related to the tendency of the stimulation-induced cortical arousal to be at tenuated by scopolamine (Longo, 1966) .
The effects of scopolamine in the present study may be attributed to the anticholinergic properties of this drug. Scopolamine has no known direct vas cular effects (Goodman and Gilman, 1975) , and in the present study, CMR02 and MAP were not sig nificantly affected by the dosage employed. Thus, our results suggest the involvement of cholinergic mechanisms in the cerebral vasodilatation observed 90 s after the onset of sustained decreases in EEG amplitude. The location of a cholinergic step in the sequence of events leading to this vasodilatation, however, remains uncertain.
At present, no conclusions can be made regarding the mechanisms of the post-scopolamine cerebral vasodilatation observed after 300 s of stimulation. Although noncholinergic neurogenic vasodilatation may have been involved (Toda, 1975; Larsson et al., 1976; Burnstock, 1980) , the slow development of this response suggests the possible involvement of metabolic mechanisms. Because mydriasis rou tinely persisted for several hours after scopolamine administration, it seems unlikely that the vasodila tion observed after 300 s represents escape from cholinergic blockade.
In conclusion, the present results are in agree ment with previous reports that sustained decreases in EEG amplitude are associated with significant increases in cerebral metabolic rate and blood flow. The present findings also suggest that this cerebral vasodilatation may be mediated by a slowly devel oping, noncholinergic mechanism acting in unison with a short-latency mechanism involving a cholinergic link.
